However, liposomes and bilayers cannot control the compositions of zwitterionic and anionic phospholipids accurately because the composition of each of the liposomes and bilayers disperses due to the mixings required to produce them. On the other hand, phospholipid monolayers formed at air/water interfaces can define the composition because they have defined areas. In addition, as an extended model of the monolayers formed at air/water interafces, phospholipid monolayers formed at oil/water interfaces have been utilized. [10] [11] [12] Since the alkyl chains of a phospholipid monolayer in the bilayer structure of biomembranes face a layer of the hydrophobic alkyl chains of the opposite phospholipid monolayer, the phospholipid monolayers formed at the oil/water interfaces in which the alkyl chains of the phospholipids contact with the hydrophobic molecules in an oil phase provide a closer environment to living systems than the monolayers formed at air/water interfaces do. In the study of reactions in the monolayers formed at oil/water interfaces, electrochemical measurements have been utilized and have provided useful information on reactions in biomembranes. [10] [11] [12] Here, we present a new experimental system to measure reactions in biomembranes by combining laser spectroscopic techniques with phospholipid monolayers formed at oil/water interfaces. The system can follow the reactions in real time through the change of interfacial tension at oil/water interfaces induced by the reactions under non-destructive and non-contact conditions. The system does not need the electron transfer or ion transport across oil/water interfaces that is required in electrochemical measurements to follow reactions at the oil/water interfaces because it measures the reactions through the changes of interfacial tension. This allows the selection of various kinds of oil phases. In addition, the system does not need complicated treatments such as effects of ions that coexist in water phases or in oil phases because it does not contain electrolytes in water phases or oil phases that are needed in electrochemical measurements. This has the advantage of investigating reactions in biomembranes that are critically influenced by concentrations of ions such as Na + or Ca 2+ in water phases. From these advantages in the system, we can use, as the oil phase, alkanes with the number of carbon atoms close to the number of the alkyl chains of phospholipids in biomembranes (C ≥ 16) 13 to form a closer environment to living systems.
We formed mixed phospholipid monolayers containing zwitterionic and anionic phospholipids at a tetradecane/water interface and followed the hydrolysis reaction in the mixed monolayers by phospholipase A2 (PLA2).
Sigma and were used without further purification. NaCl (99.5%, Kanto Chemicals), CaCl2 (> 99.5%, Wako Chemicals), trihydroxymethylaminomethane (Tris) (Wako Chemicals), palmitic acid (PA) (> 95.0%, Kanto Chemicals) and ntetradecane (> 99.0%, Kanto Chemicals) were also used without further purification. Ultrapure water (produced from the Millipore ELIX3 system) was used for all sample preparations.
Preparation of a mixed phospholipid monolayer at a tetradecane/water interface
To prepare monolayers containing zwitterionic and anionic phospholipids, we selected phosphatidylcholine (PC), a main component of biomembranes, as zwitterionic phospholipids and phosphatidylserine (PS), a cofactor for expressing activities of membrane-bound proteins, 16, 17 as anionic phospholipids. In addition, we used PC and PS in which the number of carbon atoms in the alkyl chains is 16 (dipalmitoyl phosphatidylcholine (DPPC) and dipalmitoyl phosphatidylserine (DPPS), respectively) because the biomembranes are composed of phospholipids with longer alkyl chains (C ≥ 16). 13 The procedure for forming a mixed phospholipid monolayer at a tetradecane/water interface was as follows. A 20 ml buffer subphase containing 100 mM NaCl, 5 mM CaCl2 (the conventional calcium ion concentration for the hydrolysis reaction), and 10 mM Tris-HCl (pH 8.9 at a temperature of 298 K) was poured into a quartz cell with an optically flat bottom (diameter, 6 cm) (Fig. 1a) . Because biomembranes contain phospholipids with compositions close to 70 mol% zwitterionic phospholipids and 30 mol% anionic ones, DPPC/DPPS (7:3) was uniformly spread onto the buffer subphase by a 1 mM hexane/chloroform (1:1) solution with a microsyringe (Fig. 1b) . The amount of the phospholipids was 23 nmol, corresponding to 8.1 µmol/m 2 . After waiting for about 10 min to evaporate the spreading solvent mixture, a 20 ml tetradecane phase was gently introduced onto the mixed phospholipid monolayer (Fig. 1c) . We selected, as the oil phase, tetradecane (C: 14), whose number of carbon atoms is close to that of the alkyl chains of phospholipids in biomembranes (C ≥ 16). After confirming the stability of the mixed monolayer at the tetradecane/water interface, we injected PLA2 (24.5 units) into the buffer subphase to induce the hydrolysis reaction. The quartz cell was placed inside an aluminum cell with a thermostat to keep the measurement temperature at 310 K.
The time-resolved quasi-elastic laser scattering (TR-QELS) method, which enables measurement of the time course of interfacial tension under a non-contact condition and in real time, was utilized to monitor the hydrolysis reaction. The principle and the apparatus of the TR-QELS method has already been described elsewhere.
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Results and Discussion
When DPPC and DPPS molecules are hydrolyzed by PLA2, they are decomposed into lysophospholipids and fatty acids with longer alkyl chains in equimolar ratio. Since these hydrolysis products are soluble in the oil phase, they successively desorb into the oil phase after the reaction. The interfacial tension at the oil/water interface increases through the decrease of surface-active DPPC and DPPS molecules and the desorption of the hydrolysis products. Thus, the reaction progress can be monitored by the change of interfacial tension.
We prepared a DPPC monolayer (DPPS: 0 mol%) and DPPC/DPPS mixed monolayers with three different DPPS molar ratios, 10, 20, and 30 mol%, at the tetradecane/water interface. Here, DPPC/DPPS monolayers containing more than 40 mol% DPPS could not be formed because DPPC/DPPS mixtures with more than 40 mol% DPPS did not dissolve into a 1 mM hexane/chloroform (1:1) solution. We waited for about 1 h in each of the cases to confirm that no interfacial tension changed before PLA2 injection. Then, we compared the time course of the interfacial tension after PLA2 injection in the DPPC/DPPS mixed monolayers (DPPC/DPPS (7:3); Fig. 2, a) with that in the DPPC monolayer (S, Fig. 2 ). In the mixed monolayers, the interfacial tension increased rapidly after PLA2 injection. Then, it rapidly increased again after it had gradually increased. Finally, it became constant. On the other hand, in the DPPC monolayer, the interfacial tension rapidly increased after PLA2 injection and then became constant about 30 min after PLA2 2 Time course of the hydrolysis reaction by PLA2 with the DPPC/DPPS (7:3) mixed monolayer at the interface (a) and with the DPPC monolayer at the interface (S). "t1" and "t2" denoted the period until the initial rapid increase of the interfacial tension finished after PLA2 injection and the period until the interfacial tension rapidly increased again, respectively. The calcium ion concentration in the subphase was 5 mM. T = 310 K.
injection. Figures 3(a) and (b) show the period until the initial rapid increase of the interfacial tension finished after PLA2 injection (t1) and the period until the interfacial tension rapidly increased again (t2), respectively. From Fig. 3(a) , the t1 in the DPPC/DPPS mixed monolayers was less than that in the DPPC monolayer and it increased slightly according to the increase of the DPPS molar ratio. For the t2, in the DPPC monolayer, no change of interfacial tension occurred after the interfacial tension became constant (t2 = 0). The t2 in the DPPC/DPPS mixed monolayers increased as the DPPS molar ratio increased ( Fig. 3(b) ). In particular, the t2 in the DPPC/DPPS (7:3) mixed monolayer, which had a close composition to phospholipids of biomembranes, was markedly long compared with that in the DPPC/DPPS (9:1) and (8:2) mixed monolayers.
To make a quantitative estimation, we prepared tetradecane/water interfaces under the same conditions at which the hydrolysis reaction proceeded and then measured the relationship between the change of the interfacial tension and the hydrolysis rate. Most of the hydrolysis products (C16Lyso-PC and PA) desorbed into the oil phase within a few seconds. However, a small part of the products may remain at the tetradecane/water interface. Thus, we prepared a mixed monolayer of the reactant (DPPC) and the products (1:1 C16Lyso-PC/PA) at several molar ratios onto the subphase and then introduced the oil phase onto this mixed monolayer. Each molar ratio of the mixed monolayer formed by these processes produced the same state at which the hydrolysis reaction proceeded. Then, we measured the interfacial tension at each of the mixed monolayers after we confirmed that the interfacial tension had become constant subsequent to the formation of the oil phase (Fig. 4(a) ). We transformed the interfacial tension in the DPPC monolayer in Fig. 2 (S) into the hydrolysis rate from the relationship shown in Fig. 4(a) and plotted the result in Fig.   4(b) . Figure 4(b) shows that about 70 mol% of the DPPC spread at the oil/water interface was hydrolyzed. We think that the hydrolysis reaction in the DPPC/DPPS monolayers did not proceed completely because the interfacial tension at the equilibrium state in the DPPC/DPPS monolayer in Fig. 2 (12 mN/m) was small compared with the interfacial tension in the absence of the phospholipid monolayers at the tetradecane/water interface (22 mN/m). The structural changes of the phospholipid monolayers at the oil/water interface may be related to the incomplete reaction progress because the structures of biomembrane models such as liposomes, bilayers, and phospholipid monolayers at air/water interfaces influence enzymatic activities of PLA2. 25, 26 Next, we focused upon the influence of structure of the mixed monolayers on the progress of the hydrolysis reaction. Anionic phospholipids such as DPPS form domains (places where anionic phospholipids condense) through bindings between divalent cations and anionic phospholipids. 27, 28 Because the increase of the concentration of divalent cations in a subphase increases the size and number of the domains, 28 we investigated the effect of DPPS domains on the progress of the hydrolysis reaction by varying the calcium ion concentration in the subphase. As shown in Fig. 5 , we measured the time course of the hydrolysis reaction in the DPPC/DPPS (7:3) mixed monolayer in the 5 mM (a), 500 µM (f), 50 µM (D), and 5 µM 29 (S) calcium ions in the subphase. In Fig. 5 , two instances of rapid progress of the reaction were observed in the presence of the 5 mM calcium ion. On the other hand, the two instances of rapid progress were not observed in the cases of the 500, 50, and 5 µM calcium ions. This result suggested that the two instances of rapid progress of the reaction resulted from the marked formation of the DPPS domains. We considered the following two reaction models for explaining the two instances of rapid progress of the reaction. One reaction model is that the hydrolysis reaction of the DPPS domains proceeds immediately after PLA2 injection. The reaction of the DPPC proceeded rapidly right after PLA2 injection (the initial rapid progress of the reaction) and then it equilibrated. In the DPPS domains, the duration of the lag phase (the period while the reaction proceeded slowly after PLA2 injection) was long, and then the reaction of the DPPS domains rapidly proceeded (the second rapid progress of the reaction). The other model is that the hydrolysis reaction of the DPPS domains follows that of the DPPC. First, the reaction of the DPPC equilibrated after the DPPC was rapidly hydrolyzed after PLA2 injection (the initial rapid progress of the reaction). Then, the structure of the monolayer was reconstructed because the hydrolysis products due to the reaction of the DPPC desorbed into the oil phase. The reconstruction of the structure facilitated the bindings between the DPPS and PLA2, leading to the rapid progress of the hydrolysis reaction of the DPPS (the second rapid progress of the reaction). Both reaction models were suggested to explain the two instances of rapid progress of the reaction.
We presented a new experimental system to observe reactions in biomembranes by combining laser spectroscopic techniques with mixed phospholipid monolayers at oil/water interfaces. We prepared the DPPC/DPPS (9:1), (8:2), and (7:3) mixed monolayers at the tetradecane/water interface and compared the time course of the hydrolysis reaction in the mixed monolayers by PLA2 with that in the DPPC monolayer. In the mixed monolayers, we monitored two instances of rapid progress of the reaction, which was not observed in the reaction of the DPPC monolayer, and we were also able to observe the differences in the reaction progress in the mixed monolayers, namely the increase in the t1 and t2 according to the increase in the DPPS molar ratio. In addition, we suggested that the two instances of rapid progress of the reaction was caused by the marked formation of DPPS domains from the dependence of the reaction in the mixed monolayer on the calcium ion concentration in the subphase. This new system enables providing spectroscopic information about reactions in biomembranes by combining the phospholipid monolayers at oil/water interfaces with other laser spectroscopic methods, such as absorption spectroscopy.
